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1. Comparison between Qg and Qy in time space

There are two common definitions of the EDL charge!- 2, including the total
diffuse charge Qgp(7), and the electrode surface charge Qu(7), as shown in FIG
S1. QgpL(7) is calculated from the integration of the net ionic charge from the
Helmholtz plane to the middle plane, while Qy(7) is calculated by the Gauss’s
law. Taking the double-blocking closed cells (DBCC) for example, we compare
the dimensionless Qgp.(7) (solid line) and Qy(r) (dot-dashed line) at an applied
voltage Uy = —1 (25 mV) for an electrolyte film with a thickness of 2L = 10.44;
(100 nm for the 1mM solution), as shown in FIG S2. These two EDL charging
dynamic curves show the same trend, and eventually increase to the same
equilibrium value because the electric field is close to zero at the middle plane.
It should be noted that the initial value of Qy(7) does not start from zero because

the initial electric field departs from zero.
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FIG S1. Two definitions of EDL charge, the electrode surface charge Qy(t) by Gauss’s
law and total diffuse charge Qgp.(7) by integrating the ionic charge from the Helmholtz

plane to the middle plane.
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FIG S2. Taking the double-blocking closed cell as an example, we compare Qgp;, and

Qum in terms of EDL charging behavior in (a) and electric potential distribution at a

steady state in (b). Model parameters are ¢y =1x10"molL 1D, =1x

10711 m? 571, 8yp = 0.3 nm, Uy = —1,2L = 100nm , and the corresponding reference

values are Ap ~ 9.63 nm, e = Ap? /Dy = 9.27 X 1077 s, Upe = RT/F = 25 mV.



2. Double layer charging dynamics in terms of Qy for the SBOC
In FIG S3, we plot the double layer charging dynamics in terms of the electrode

surface charge Qy. The corresponding Qgpy, is shown in FIG (2) of the main text.
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FIG S3. For the single-blocking open cells, we compare the time evolution of the
electrode surface charge Qy for the nonlinear (line) and linear (dash line) PNP theory

at (a) different applied voltages and (b) thicknesses of the electrolyte, respectively.
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Model parameters are ¢g =1 x 103 mol L™}, D, = 1x 107 m? s71, 8, = 0.3 nm.



3. Comparison of Qgp;, between the DBCC and the SBOC
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FIG S4. Comparison of Qgp;, between (a) the DBCC and (b) the SBOC at different Uy;.

(c) Comparison of Cfﬂnid of DBCC as function of Uy; between the analytical (solid line)

and the numerical (circle) results for different electrolyte film thicknesses. Model

parameters are ¢p = 1 X 1073 mol L™}, Dy = 1 X 107 m? s7%, §yp = 0.3 nm.

In the main text, we have introduced the single-blocking open cells (SBOC) and
double-blocking closed cell (DBCC). Here, we depict the double layer charging
dynamics in terms of Qgp;, for the DBCC and the SBOC, as shown in FIG S4(a-

b), respectively. Firstly, the EDL charges faster when the nonlinear PNP theory

is used for both the DBCC and the SBOC, because it gives a larger ion flux under



the same driving force since sinh{ > {. Secondly, the equilibrium value of the
total diffuse charge, Qgp, = QepL(), for the DBCC is much smaller than the
SBOC. This is because the number of ions inside the DBCC is limited and kept
constant, while the SBOC is an open system connected to a reservoir. Herein,

FIG S4 (c) shows the steady state cation’s concentration at the middle plane,

C, iq» for the DBCC as a function of Uy for different electrolyte film thicknesses.
The Cfﬂnid can described by the following approximate analytical expression3,
Ciiia =A—VAZ -1, (S1)
where,

Ao\’ UsaN*
a=1+8(2) [sinh (%ﬂ , (s2)

with 1, being the Debye length, given by A, = /esRT/(2F2c,), L the electrolyte
thickness from the Helmholtz plane (HP) to the middle plane, and U;% the
dimensionless steady-state potential at the HP, calculated using the Poisson-
Boltzmann (PB) equation,

02U

— =35j S3
X2 sinh U, (S3)

coupled with the left boundary condition,
Ugp = Um + —— gy X =0 (S4)
We obtain the relationship between the surface applied voltage Uy and the Uy,
U = USE — 2 ‘;—T;—Sp sinh <UT§‘?’) (S5)
As expected, FIG S4 (c) shows that C1 ., decreases with increasing Uy. This can
be attributed to the fact that more counterions move to the electrode surface to

counter the electrode surface charge. Increasing the electrolyte thickness will

diminish the trend. The approximate analytical expression (S1) can explain this



phenomenon very well. When the electrolyte thickness increases to infinity, 2L -
oo, then Cfﬂnid = 1, at any applied voltage, as shown in the dashed line in FIG S4
(c). It means that the DBCC is equivalent to the SBOC when 2L — co. Thirdly,
compared with the DBCC, the SBOC shows a nonmonotonic charging behavior

when the nonlinear PNP theory is used, which is discussed in the main text.



4. Time evolution of net charge density distribution in the SBOC
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FIG S5. (a) Time evolution of the net charge density distribution in the SBOC; (b)
Schematic diagram of physical processes. Model parameters are L = 5nm, Uy = —20,

co=1%x10"3molL7,D; =1x 1071 m? 57,5, = 0.3 nm.
FIG S5 (a) shows the time evolution of net charge density, p=C, —C_,
distribution in the SBOC at L = 5 nm, Uy = —20. A schematic diagram of physical
processes is shown in FIG S5 (b). This result is calculated by the linear PNP
theory.



5. Double layer charging dynamics in terms of Qg for the single reactive

open cell

The influence of an electrochemical reaction on the EDL charging is examined
by considering a single-reactive open cell, which involves a metal-deposition

reaction at left boundary, X = 0, as show in FIG S6 (a),
M*+e” &M (S6)
where Mt is the metal ion, and M the metal atom. The kinetics of this charge

transfer reaction can be described using the Frumkin-Butler-Volmer (FBV)

theory,

] aFn (1—a)Fn
Jet = kot (exp (ﬁ) — Cy up €Xp (‘ T))

where k., is the rate constant of charge transfer, C, yp the concentration of M*

(S7)

at the Helmholtz plane (HP), a the charge transfer coefficient and n = Eyy — ¢up —
E¢q the overpotential with E.q being the equilibrium potential. ¢yp the electric
potential at the HP. Settings and parameters are the same as those in the SBOC
case. The nonlinear and non-monotonic effects are also observed in this single-
reactive open cell, and the mere difference is that Qgp;(7) decreases at larger rate
constant of charge transfer k, ., as shown in FIG S6(b). This is because the metal
deposition reaction consumes cations, thus lowering Qgp;, . Regime of
nonlinearity of the PNP theory and non-monotonic EDL charging dynamics, as

shown in FIG S6 (c-d), respectively, are basically the same as in the case of SBOC.
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FIG S6. (a) Schematic diagram of the single-reactive open cell with one side in contact
with a non-blocking electrode, and the other side connected to a reservoir of electrolyte
solution; (b) The charging dynamics of nanoconfined electrolytes in terms of the total
diffuse charge Qgpi(7) for the nonlinear (line) and linear PNP theory (dash line) at
different rate constants of the charge transfer reaction; (c) Regime of nonlinearity of
the PNP theory. (d) Regime of non-monotonic EDL charging dynamics. Model
parameters are cp=1Xx10"3molL™},D;, =1x10"" m?s™},6yp =03nm , and the
corresponding references values are Ap ~ 9.63 nm, tyof = Ap? /Dy =9.27 X 1077 s, Urer =

RT/F = 25mV.



6. Analytical solution of EIS at PZC 4 5:

Herein, the ion size effect is ignored, using y = 0, and the linear PNP equation

can be simplified to,

(0C, aU\
S IC ; ax = “tox 0
+
S Pl I =S A OV  | (S8)
Jat 0X | 0Xx X
0 U 26—
X J
Applying a perturbation to (S8), we obtain,
@C++ Oaﬁ+é U
c ax = Tox T ox 0
+ 0 i [J 0
jo|E | == ac_ _ ga_U_ ~_6L>+ 1 0 (S9)
0X | ox oX oX ~(¢, - C)
0 PYii 5 (& -
\ X J

where the over-tilde marks a quantity in the frequency domain and o™ is the

dimensionless angular frequency with respect to 2—;. Due to the initial conditions
D

Cc?=c%=1,U%=0, (S9) can be written as,

(0C, o0
dX dX
aC_ aU
dX 0dX

U
\  9x

The (S10) can be solved,

(S10)



Cr =1+,

Y1 = alsinh(\/)l_lX) + azcosh(\/ﬂ—lX)

A= jom+1
C_ =y +y,
Y, = Blsinh(\/A_ZX) + Bzcosh(\//'l_zX)
Ay = jo"
C, = —aysinh(\/2,X) — aycosh(\/1,X) + B;sinh(y/2,X) + B,cosh(/2,X)
aC
6_); = —a;\/2;cosh(y2,X) — azy/A;sinh(/2,X) + B14/2;cosh(y/2,X)
+ B3/ 25sinh (2, X)
C_ = aysinh(\/4,X) + aycosh(\/2,X) + Bysinh(y/2,X) + Bcosh(1/2,X)
aC_
Y a1/A1cosh(y/2,X) + az/A;sinh ({2, X) + B14/2;cosh(y/2;,X)
+ B3/ 25sinh (Y2, X)
@ = icosh(\/A—X) + ﬁsinh(\/A_X) +k
ox \/A—l 1 \//1—1 1 1
U = 3*sinh(y2,X) + 22 cosh(yAX) + a X + k;
1 1
where,

aC aC_

6_;X=O=_a1\//1—1+’81\/l—2 WX:O=C¥1\//T1+31\//1_2

o,

ax |y =21 = —ay+[Arcosh(y/2,2L) — azy/A;sinh(y/2,2L) + B1+/A;cosh(y/2,2L)
+ B[ 2sinh({/2;2L)



aC_

X |X YA a1y/A1cosh(\[2,2L) + azy/A;sinh (4, 2L) + B1y/A;cosh(/2,2L)
+ ﬁz\/i—zsinh(\/A—ZZZ)

aﬁ _ al aU . al - az . -

W|X 0" —\//1_1 +ky &|X _i= \/—A_lcosh(w//llzL) +\/—/1_151nh(,//112L) + ky
5 s ~ a . = Q2 - -

u |X —0~ 1, + k; U |X _7= ZSInh(,/AIZL) + Zcosh(,/alzL) + kL + K,

where a4, ay, B1, B2, k1, k, are determined by the boundary conditions.

For the DBCC, at X =0, VC, + VU = 0, we obtain,
a, _
—ar/Ay + B2+ =+ k= 0,
and VC_ — VU = 0, we obtain,
a1\//1_1+,31\//1_2_\77i1_k1 =0.
Solving the above two equations, then we can obtain,
=0, ky = a3 /A — =
B » K1 “1\/_1 T
And U = —Uy + 1,VU at x = 0, we can obtain,

24k, =—UM+rc(ﬂ+k1),
1

VA1
. cd Oy € .
with 7, = % = A—He—s, then we can obtain,
H D €H

ky = —Ow + 7’caf1\//1—1 - Z_f,
At x = 2L, VC, + VU = 0, we obtain,

—ay/A;cosh(y/2,2L) — azy/A;sinh(y/2,2L) + B1y/A,cosh(y/2A,21) + Boy/A,sinh(y/2,2L) +
j—%cosh(\/l_lzm + j—lisinh(\/ZZZ) +k, =0,

and VC_ — VU = 0, we obtain,



al\/l_cosh(\//l_ZZ) + az/Agsinh(y/2,2L) + B1y/2,c0sh({/2,2L) + Boy/Azsinh(y/2;,2L) —
cosh(\/_ZL) smh(\/—ZL) ki =0,

Then we can obtain

i sinh(y/2;2L)
M 2rC\//1_1+2E\/Z—£ sinh(\/A—12Z)+i(cosh(\/A_12Z)—1)’
N v

0(1=

@ = a 1-cosh(y2,2L) ﬁ 1—cosh(y/2,2L)
2 1 sinh(y/212L) (2rCJA—1+2Z\/A—1—jT£1)Sinh(\/A—12Z)+;—1(cosh(\/l—12Z)—1).

when the EDL charge refers to Qgpy,
~ Z ~ ~
JepL = —jwnd.f (€, —C)dx
0
L
= Zja)ndf (alsinh(\//l_lX) + azcosh(\//l—lX)) dX
0

= 2jw™d <£ cosh(\/l—lX) + ﬁsinh(\//l—lX)> |€

Vi Vi
= 2jw™d <\/—_cosh(\/_L) + \/_smh(\/—L) — \/—_> (S11)
= 2jw™d <UM sinh(\iZZL) Ji_lcosh(\//l—lz)
) M COS};\(JZZZ) \/z_lsinh(\//l_li)
_ sinh(\/2,2L) 1
- gy, 2 ﬁ)
with
< _ 2L\ 2 _
= 2r.\/A; + 202, — \/7> sinh(y/4,2L) + /1—1 (cosh(y/4;,2L) — 1)

and the impedance is calculated,



UM
zgh, =
Jept

1

2jond (Sinh(gzz)\/%_lcosh(\/l_ﬂ)+1_COS}IA(\/A_IZZ)\/%Sinh(\/A_lZ)—Sinh(\l/f_lzz)\/%_l)

o s (S12)
"~ 2jwnd (1 _ cosh(\//l_ZZ)) sinh(\/l_z) - (1 - cosh(\/ZZ)) Sinh(\//1_12Z)

(21,4, + 202, — 2L)tanh(\/2;2L) + \/_(1 — sech(y/;2L))
- 2jwnd (sech(\/_12L) - 1)51nh(\/_1L) - (1 - cosh(\/_lL)) tanh(\/_12L)

When the EDL charge refers to Qy,

4 aU

- ) D €gRT dU
nd |
dx1x =07

Tn =" 2 Fregb X | = o

= 2jw" <—+ a2 — > = 2jw™ a2,

=2jo™

NN Vi (S13)
— 2w, sinh(\//l_ZL) \//1_1
<2ch— + 202, — \/_> sinh(y/2,2L) + (cosh(\/_ 20) - 1)
and the impedance is calculated,
nd _ U_M
T
<2ch— + 202, — >smh(\/— 2L) + 1 (Cosh(\/— 2L) —1)
\/_ (S14)

- 2jwnd \/_151nh(\/—2L)
(21,1 + 202, — 2L)sinh({/A;2L) + —== \/_ (cosh(y/4;,2L) — 1)
~ 2jond Aysinh(y/2;2L)

For the SBOC, in the similar way, we can obtain,

Oy

T+ 2GL) +1(v3 - L)
1

a, = —



a2=

k2=—<\/)l_1—

U

" 7

When the EDL charge refers to Qgp,,, the impedance is calculated,

1
— L

cosh(\/—X) +— smh(\/_X) + kq

tanh(\/— L) B
7, B T+ ——= \/_ +L(A; - 1) S15)

78, = .
Bl Teon 1 —sech(y/2,L)

When the EDL charge refers to Qy, and the impedance is calculated,

WAL CZI B PR

~ T
gnd_Um 1 VA (S16)
M Jep  2jom™ A

2
where Z"¢ is the dimensionless form with respect to 22D 7. = CQc/Cy the ratio

DyCgc’

between the Gouy-Chapman capacitance at PZC, Cd. =§—S and the Helmholtz
D

capacitance, Cy =§H—P, and w"¢ = wz—D. Take the SBOC for example, whose
HP +

dimensional form is expressed as,

tanh(\/_L/AD)

1 A 1 J /1 (2= 1) (S17)

joCy1 — sech(\/—L/AD) ](UC(;c 1-— sech(\/_lL/lD)

In the low frequency range, namely, w -0, 4, =1, 1—sech(L/Ap) =1, and

ZEDL



tanh(L/Ap) = 1. Then Eq. (S17) is asymptotic to
ZgpL = .i<i+i0>, (S18)
Jo\Cy Cgc
a capacitive behavior corresponding to the equilibrium EDL capacitance. In the
high frequency range, namely, w = o, 4; = jw %, 1- sech(\/A_lL//lD) ~1, 4 —1=

A1, and tanh(“/_%m ~ 0. Then Eq. (S17) is asymptotic to,
1

, _)ID+)IDL~ L L
L™ ey, T cQ.D, zpz?m oy (S19)

F2C0D+

a pure resistance behavior, where g5 = is the electrical conductivity of the

bulk electrolyte.

When the EDL charge refers to the metal surface charge, the impedance reads,

tanh(\/_L/AD) G- 1)
L1 Jh l ! (S20)
ijH ]Q)C((;)C Al '

In the low frequency range, namely, w — 0, 4; = 1, and tanh(L/Ap) = 1. Then Eq.
(S20) is asymptotic to

1/1 1
ZM =,—<—+—0>, (821)

which is the same as Zgp, in the low frequency range. In the high frequency range,

namely, w — oo, tanh(/Z:L/4p) ~ 0. Then Eq. (S20) is asymptotic to,

Ji
e 1 1 1 1 1 1
M . =~ )
C y) D C 1 , S22
JwCy JwCGc 7 (1 +]w:f12) J®LH C/GldL) +1“’L 7oz T j0Cgeo (522)
ele

Aol _ L s the electrolyte resistance at the PZC and Cge, = %

C
where RP% = =
CGCD+ Og

ele

the

geometric capacitance of the electrolyte.



7. Comparison of EIS between linear PNP and nonlinear PNP theory for the
SBOC
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FIG S7. For the SBOC, at the potential of zero charge, we compare numerical EIS
results between the nonlinear PNP (solid line) and linear PNP theory (dashed line).

Model parameters are: L=100nm, U3 =0, cg=1%x10"3mol L™},D; =1x

10711 m? 571, §yp = 0 nm.



. EIS response of the DBCC
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FIG S8. For the DBCC, comparison between the EIS calculated from the total diffuse
charge, denoted as Zgp;,, and that from the electrode surface charge, Zy, at the
potential of zero charge, U3 = 0. Model parameters are co=1x 1073 mol L7%, D, =
1x107" m? s, 8yp = 0nm, Ey = 2.5 X 1073 sinwt V, Eeq = Ep,c = 0. Frequency range,

1% 10°~1x 107! Hz.



9. EIS response of the single blocking closed cell

We consider a case with a non-blocking metal on the right side, namely, the
single-blocking closed cell, as shown in FIG S9(a). A charging transfer occurs at

the X =1,

Mo Mt +e” (S23)
where M* is the metal ion, and M the metal atom. This charge transfer is
described using the FBV theory,

) aFn (1-a)Fn
Jet = kot (eXP (ﬁ) — Cyexp (— T)) (S24)

where kg, is the rate constant of charge transfer, C, | the concentration of M*
at the right boundary, a the charge transfer coefficient and n = —Ey — ¢up — Eeq
the overpotential with E.q being the equilibrium potential and —Ey the electrode
potential at the right electrode. The other conditions are the same as those in
the SBOC case. FIG S9(b) compares the EIS numerically calculated at different
ko ¢ at the potential of zero charge, U3¢ = 0,L = 100 nm, 8zp = 0 nm. We notice that
the EIS consists of two semicircles in high and intermediate frequency range,
respectively, and a vertical line in low frequency range. With increasing k., the
intermediate-frequency semicircle associated with the charging transfer
decreases. The high-frequency semicircle corresponds to the electrolyte
resistance in parallel with the geometric capacitance, and the low-frequency

vertical line corresponds to the equilibrium EDL capacitance.



(a) Charge transfer at the right boundary (b) L=100nm, Uy®=0
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FIG S9. (a) Schematic diagram of the single blocking closed cell with one side in
contact with a blocking electrode, and the other side connected to a non-blocking
electrode; (b) The EIS of single blocking closed cell at different rate constant of charge
transfer kq ., at the potential of zero charge, Ud€ = 0,L = 100 nm, §yp = 0.3 nm. Model
parameters are ¢y =0.1molL™, D, =5x 1072 m?s™, Ey =25x103sinwt V, Egq =

Epc = 0. Frequency range is 1 X 10”~1 x 107! Hz.
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